Summary. In the present study, we attempted to define possible subpopulations of antibodies which theoretically could be directed against evolutionarily conserved regions of the insulin molecule in sera from insulin-treated diabetic patients using a variety of labelled and unlabelled insulins which differ widely in structure but are very similar in functional properties. Ten high titre human insulin antisera from patients treated with mixed beef-pork insulin were examined. All sera were found to bind 125I-pork insulin better than labelled chicken insulin which bound better than labelled fish insulin. Detailed studies were conducted with four of the antisera using the pork and fish tracers. With two of the antisera, a subpopulation of antibody could be detected with 125I-fish insulin which had similar affinity for both fish and pork insulin, but reacted much less well with guinea pig insulin and the desoctapeptide derivative of porcine insulin. Based on the known properties of these four insulins, the data provide suggestive evidence consistent with the hypothesis that there are subpopulations of antibodies recognizing regions on the insulin molecule that are well conserved, possibly the region involved in the formation of insulin dimers or receptor binding.
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Insulin is a complex molecule which possesses multiple characteristic biological and chemical properties (Figs.1 and 2, Table 1 ) [1] [2] [3] [4] [5] [6] . These include specific binding to high affinity receptors on the surface of target cells, induction of specific biochemical events, (intrinsic bioactivity) [7] , regulation of the concentration of insulin receptors ('down-regulation'), regulation of the affinity of insulin receptors ('negative cooperativity'), and intracellular translocation and degradation [7, 8] . In solution, most insulins bind zinc and under appropriate conditions form dimers [4] . When injected into animals insulin is also immunogenic, stimulating the production of high titres of antibodies specific for insulin [9] .
Whereas insulins of most species are very similar to one another in amino acid sequence (70-100% homology) and can induce down-regulation, exert negative cooperativity, and are fully biologically active after binding to receptor, i.e. do not vary in intrinsic activity, chemically modified insulins and insulins of different species vary to some degree in their other properties. Insulins of different species vary over a 100-fold range in their affinity for insulin receptors (irrespective of the species or tissue from which the receptor is derived), and some insulins do not bind zinc or form dimers ( Table 1 ). The insulin of the Atlantic hagfish also has a slight reduction in intrinsic activity compared to binding affinity [10] .
The most subtle discriminators among insulins of different species are anti-insulin antibodies. Most antibodies react with very high affinity with insulins of some species while having almost no affinity for insulins of others [9] . Because most of the antibodies studied are directed against small regions of the insulin molecule that vary from one species to another, antibodies have played only a very limited role in the assignment of conserved biological and chemical functions to specific regions of the insulin molecule.
In the present study, we have used two very different 125I-insulins (pork and fish) to explore if sera from patients immunized with beef and/or pork insulin preparations might contain small subpopulations of antibody that recognize regions of the insulin molecule that have been highly conserved during evolution. By comparing the reactivity of these antibodies with other insulins of known structure and properties, we have tentatively concluded that a subpopulation of antibodies can be detected in sera from some patients which recognize regions of the insulin molecule responsible for high affinity binding to receptor and/or dimer formation. a The potencies of insulin binding to the insulin receptor or to anti-insulin antibodies are given relative to the activity of porcine insulin, expressed as the ratio of the molar concentration of porcine insulin to give 50% effect versus the molar concentration of another insulin or derivative to give 50% effect; u The ability to bind zinc correlates in general with their ability to dimerize; c Data from the present study
Materials and Methods
Pork insulin (24 U/mg) was purchased from Elanco Products, Indianapolis, USA. Porcine desoctapeptide (DOP) insulin (Lot 165-1082-B0246), fish (bonito and tunny from Shimizu, Seiyako, Japan, Lot 615-063-300) and guinea pig insulins were kindly provided by Dr. R. E. Chance, Eli Lilly, Indianapolis. Highly purified chicken insulin was a generous gift from Dr. J. Simon, Tours, France. Pork, fish and chicken insulins were iodinated [11] and purified as indicated in Figure 3 . Since insulins may be iodinated in different sites with a resultant alteration in bioactivity and since the fish insulin used had been prepared many years ago and was rather crude, all labelled insulins were receptor-purified to ensure tracers with well preserved receptor binding and presumably bioactive determinants. For this purpose the iodinated insulins were incubated with cultured IM-9 human lymphocytes, a cell line which possesses a high concentration of insulin receptors [12] . After incubation, the cells were washed with neutral buffer to remove non-specifically bound hormone, and the bound 125I-insulin subsequently eluted with 100 mmol/1 Hepes buffer (pH 6.0). The etuted hormones were then purified by gel chromatography on Sephadex G-50. These procedures resulted in improved quality of all tracers as measured by precipitation with 5% trichloroacetic acid and receptor binding (Fig. 3 ).
To determine antibody binding, aliquots of serum from insulintaking diabetic patients were diluted in normal serum (to maintain a final gamma-globulin concentration of about 1 mg/ml) and then mixed with 4000-8000cpm of the various 125I-labelled insulin in 0.1 mol/l phosphate buffer (pH 7.4) containing 1 mg/ml of bovine serum albumin, with or without varying amounts of unlabelled insulins. Incubations were carried out in a final volume of 0.2 ml overnight at 4 ~ Separation of antibody bound lasI-insulin from free insulin was achieved by polyethylene glycol (PEG) precipitation. Equal volumes of 25% (w/v) PEG 6000 in water were added, the solutions mixed and centrifuged in a Beckman microfuge (model B) for 5 min. The supernatants were aspirated and the pellets counted for radioactivity. Non-specific binding of tracer was estimated by incubation with normal human serum only and was subtracted from total tracer binding in all experiments.
Results
~25I-labelled pork, chicken and fish insulin were reacted with sera from ten patients with insulin-dependent diabetes mellitus who had been treated with commercial insulin (mixtures of beef and pork) and who were known to have elevated levels of antibodies to insulin by the presence of insulin resistance (five patients), allergy (three patients), or both (one patient). At a 1 to 10 dilution, all of the sera bound between 30 and 90% of the 125I-pork insulin. Comparing the three 125I-insulin tracers, all ten sera showed a similar rank order of potency: pork insulin bound better than chicken which bound better than fish (Fig. 4) . This hierarchy in binding differs from that of the insulin receptor for which the relative affinities of chicken, pork and fish insulins are 2.5 : 1 : 0.5 (Table 1) . Thus, antibodies with receptor-like specificity, if present, could constitute only a minor fraction of the total antibody population. Four of the sera (1, 4, 6, and 10) were used for further study. Competition curves with unlabelled pork insulin were conducted over a range of concentrations from 1 to 105ng/ml (Fig.5, left) and subjected to Scatchard analysis [13] . In these four sera, the insulin binding capacities ranged from 3 to 1171~mol/1 ( Table 2 ). All sera exhibited curvilinear Scatchard plots consistent with heterogeneity in affinity of the antibody population (data not shown). The average affinity for pork insulin for these sera ranged from 10 .8 to 2 x 10 -9 mol/1 ( Table 2) . With these four sera, 125I-fish insulin bound about 10-40% as well as pork 125I-insulin (Fig. 5) . This suggested two possibilities -either fish insulin reacted uniformly with all of the antibodies but with 0.1-0.4 the affinity of pork insulin, or fish insulin reacted much less well with the vast majority of antibodies but bound much more strongly to a small subpopulation of antibodies.
These possibilities could be distinguished by competition studies using unlabelled fish insulin and a porcine insulin tracer. Thus, when ~25I-pork insulin was used as the labelled ligand (Fig. 5, left) , the competition of unlabelled fish insulin was two to three orders of magnitude to the right of that by unlabelled pork insulin indicating that fish insulin has a low affinity for most of the antibodies binding pork insulin, and suggesting that there must be a subpopulation(s) of antibody with high affinity for fish insulin which accounts for the relatively high binding of the 125I-fish insulin tracer.
This was substantiated by studies with 125I-fish insulin tracer (Fig. 5, right) . With two of the sera (1 and 4) , the displacement of 125I-fish insulin by unlabelled fish The different sera were diluted to give comparable degrees of tracer binding insulin was even more potent than that observed with pork insulin. With the other two sera (6 and 10) the competition by fish and pork insulins were approximately equal. These data are consistent with the conclusion that the vast majority of the antibody in each serum is pork-specific, but there exists a small subpopulation of antibody that bound fish 125I-insulin with a high affinity. Since fish and pork insulins differ in eleven amino acids but are functionally very similar [1] , we tentatively conclude that this subpopulation of antibodies is directed against a region of the insulin molecule which was highly conserved evolutionarily. This region could be the bioactive site, the dimer site, the zinc-binding region, the negative cooperative site or some other common region of the molecule. In an attempt to differentiate between these possibilities, competition experiments were performed with porcine desoctapeptide insulin and guinea pig insulin since these insulins differ from fish and pork insulin in these other aspects. Desoctapeptide porcine insulin lacks eight amino acids at the carboxy-terminus of the B chain, has full in- Determinations of insulin binding capacities and average equilibrium dissociation constants (Kd) of the different antisera were carried out by Scatchard analysis of competitive binding studies with tracer amounts of labelled pork and fish insulin and various concentrations of unlabelled pork and fish insulin, respectively. The average equilibrium dissociation constants (IQ) were derived from the hormone con-125 centrations that produced a 50% fall in initial bound free I-insulin.
[This is simply an operational construction for comparison of different antisera and used without any attempts to account for affinityheterogeneity among antibody binding sites in different sera.] trinsic activity when bound to receptor, but has affinity for the receptor that is only 1% that of porcine insulin. When bound to receptor DOP-insulin, however, does not induce negative cooperativity [5] . Also, this derivative differs in three dimensional folding from pork insulin and even at high concentrations in solution does not form dimers. Using the porcine 125I-insulin tracer, desoctapeptide insulin competed much more effectively than fish insulin (DOP in Fig. 5, left) , supporting the conclusion that most of the antibody was recognizing determinants that were (pork) species specific and unrelated to conserved regions of biological importance. On the other hand, with fish 125I-insulin as tracer, desoctapeptide porcine insulin competed effectively (DOP, Fig. 5, right) with three of the four sera (1, 6 and 10), albeit less than intact porcine insulin, suggesting that the antibodies recognized site(s) on the insulin molecule that were common to fish and intact pork insulin but were somewhat disrupted on the desoctapeptide derivative. This would include the regions on insulin responsible for affinity for receptor, cooperativity, and dimerization, but would exclude the region responsible for intrinsic activity. With serum 4, DOP insulin was equal to or slightly more effective than pork insulin in competing for fish 125I-insulin.
To characterize antibody specificity further, we studied the reactivity of guinea pig insulin in these systems. Guinea pig insulin is similar to DOP in that it has an affinity for the receptor that is 1-2% that of porcine insulin, has full intrinsic activity when bound to receptor, and does not form dimers [4] . Unlike DOP insulin, however, guinea pig insulin is fully active in inducing negative cooperativity. With pork ~25I-insulin, guinea pig insulin was 1000-10,000-fold less effective than unlabelled pork insulin in competing for binding to the four antisera (Fig. 5, left) . Similarly, with three of the antisera (1, 6 and 10) inhibition in the binding of 125I-fish insulin by guinea pig insulin was achieved at concentrations that were three to five orders of magnitude greater than those of unlabelled fish and pork insulins. These data are consistent with the notion that the fishspecific subpopulation of antibodies recognized sites on insulin related to affinity for receptor or dimerization but not cooperativity or intrinsic activity. The reaction of fish 125I-insulin with serum 4 differed from that of the other sera in that with this serum guinea pig insulin reacted only one order of magnitude less well than pork and two orders of magnitude less well than fish.
Discussion
The presence of insulin antibodies in serum of diabetic patients treated with insulin, and particularly in patients with insulin resistance, is well established [14] [15] [16] . In the present study, sera from insulin-treated patients, i. e. immunized with mixtures of beef and pork insulin, and known to have high antibody titres were studied. As ex- With the use of a purified labelled fish insulin and selected unlabelled insulins we have defined more precisely the specificity of the subpopulation of antibodies that reacted strongly with fish insulin. With two of the sera (1 and 4) unlabelled fish was about 100 times more potent than pork in inhibiting binding of labelled fish insulin, suggesting that a large fraction of these antibodies were fish-specific; that is, they did not recognize conserved regions common to the pork and fish insulin molecules. On the other hand, with two other sera (6 and 10), both pork and fish insulin reacted equally well and were distinctly more potent than the desoctapeptide derivative of pork insulin and guinea pig insulin, suggesting that the antibodies recognized region(s) on the insulin molecule which confer high affinity for the hormone receptor. However, the potency of guinea pig insulin was too low to be consistent with any major portion of the antibody populations to be recognizing the bioactive site. Presumably other regions of the insulin molecule were uncovered. The dimerizing site of insulin or the region responsible for negative cooperativity site [5] , also seem unlikely since DOP insulin, which lacks both of these sites, displayed a considerable potency in the present experiments. One possible region which might be proposed would be B21, B22, A21. These residues would be essentially identical in fish and pork insulins, disturbed in DOP insulins and very different in guinea pig insulin (where B20 is no longer glycine and B22 becomes an aspartic acid).
Our results with pork and fish insulins are similar to those reported by Yalow and Berson [16] who found that sera of insulin-treated diabetic patients bound 131I-beef insulin several-fold better than 13~I-fish insulin, and that unlabelled fish insulin competed much less well than beef insulin for the binding of 13q-beef insulin. These findings were the experimental bases for the use of fish insulin as a therapeutic manoeuvre in insulin-resistant patients. These authors also were able to detect in sera of three insulin-resistant patients a subpopulation of antibody (by our estimate 2-5% of the total antibody) that reacted about equally well with beef and fish insulins, but did not attempt to characterize further the antigenic site.
One question remains as to why it is so difficult to find a population of anti-insulin antibodies which recognize the bioactive site of the molecule. Possibly the bioactive region of insulin, including the cooperative site, are structures against which a high degree of immunological tolerance is maintained. We also know that genetic factors influence antibody formation and that individual animals respond differently to different insulins, as well as to other antigens [17] [18] [19] [20] . Since the number of patients investigated in the present study was small, we cannot exclude the possibility that genetically susceptible individuals may produce antibodies with receptor-like specificity for insulin. In fact, the experi-mental production of anti-idiotypic antibodies against insulin antibodies with insulin-like effects [21] suggests that antibodies to the bioactive site of insulin may have a receptor-like structure and could indeed exist. Such anti-idiotypic antibodies, if formed in patients, could interact with the insulin receptor and play a previously unrecognized role in the natural course of insulin resistance frequently seen in diabetic patients treated with insulin. This seems unlikely in these patients, however, since none of the sera reacted with an anti-insulin receptor serum obtained from a patient with the Type B syndrome of insulin resistance [22] .
All natural antisera to insulin (and other complex molecules) are mixtures of antibodies; even our fishspecific subpopulation probably represents a mixture of antibodies that differ in affinity and specificity. Clearly, monoclonal antibodies (from hybridomas) that recognize conserved regions of insulin would be superior reagents. Since the immune response (to insulin and other molecules) is genetically determined [17] [18] [19] [20] , selection of the donor for production of hybridomas is important. The approach we describe here for the detection and characterization of subpopulations of antibody should be useful for screening of appropriate donors for such hybridoma studies.
